Abstract. Brachyury is a T-box transcription factor characterized as a driver of the epithelial-to-mesenchymal process, which is associated with poor prognosis of patients with breast cancer. The present study investigated expression of brachyury in breast cancer including primary tumor, metastatic and recurred tumor tissues, and the clinical significance and value of brachyury as a prognostic biomarker. This retrospective study included a series of 102 consecutive patients surgically resected between January 2005 and December 2011. Brachyury expression in tumor cell was evaluated using immunohistochemistry and scored as the immunoactivity. Of 102 patients, 62 primary tumors were positive for brachyury expression and 40 were negative. Multivariate analysis of disease-free survival (DFS) revealed brachyury expression, HER2 and lymphovascular invasion as independent prognostic factors [brachyury negative vs. positive hazard ratio (HR), 3.0; P=0.024; HER2 negative vs. positive HR, 4.9; P=0.003; lymphovascular invasion absent vs. present HR, 3.5; P=0.020].
Introduction
The epithelial-to-mesenchymal transition (EMT) is a process in which cells lose epithelial properties and acquire the properties of mesenchymal cells. This is a normal developmental process in the early embryo, but is also a feature of tumor cells (1, 2) . EMT is crucial in the development of more invasive metastatic tumors and the acquisition of resistance to anticancer therapies (3) (4) (5) .
Brachyury is a member of the T-box family of transcription factors and is a highly conserved cellular protein. It functions in the EMT process during cancer progression and is involved in fetal mesoderm formation (6, 7) . High expression of brachyury is associated with an increased likelihood of recurrence and distant metastasis, invasion to the extracellular matrix and development of resistance to chemotherapy (7) (8) (9) (10) (11) (12) . Thus, brachyury has been implicated as a tool for predicting tumor characteristics and prognosis. However, only a limited number of studies have addressed the correlation between brachyury expression and survival outcome in patients with breast cancer.
Triple-negative breast cancer (TNBC) features the deleterious expression of receptors, including estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2). Effective treatment of TNBC is difficult, whereby recurrence and mortality rates are increased compared with other subtypes of breast cancer (13) (14) (15) . EMT markers are highly expressed in TNBC cells, suggesting an association between poor prognosis of TNBC and EMT (16, 17) .
Although lymphatic permeation is an important route for breast cancer progression, to the best of our knowledge, only two studies have addressed the involvement of brachyury in lymph node metastasis (18, 19) . Data are limited concerning expression of brachyury in recurrent tumors; however, these data may be important in identifying patients for which the brachyury vaccine, currently in clinical trials, is expected to be of therapeutic benefit (20) .
The present study investigated the expression of brachyury in breast cancer tissues, including primary tumor, axillary metastatic lymph nodes and recurrent tumor. The clinical significance and value of brachyury as a biomarker to predict tumor recurrence or survival in patients with breast cancer was then explored. In addition, the association between expression of brachyury and tumor characteristics was evaluated to understand its biological behavior.
Materials and methods
Patients. The present retrospective study included consecutive patients with breast cancer surgically resected at Kangbuk Samsung Hospital (Seoul, Korea), between January 2005 and December 2011. The 102 patients whose surgical samples were available consisted of 102 primary tumors, 21 metastatic axillary lymph nodes and 15 recurrent tumors. Primary invasive ductal carcinoma, not otherwise specific tissue, metastatic cancer tissue from lymph nodes and recurrent tumor tissue was obtained for tissue microarray analysis (TMA). Specimens were fixed using 10% formalin solution at room temperature for 24 h and embedded in paraffin using a standard protocol. Tissue sections (3 µm thick) were stained using hematoxylin (at room temperature for 90 sec) and eosin (at room temperature for 40 sec) using a Dako Coverstainer fully automated system (Dako; Agilent Technologies, Inc., Santa Clara, CA, USA). Hematoxylin and eosin (H&E) stained slides from all patients were reviewed by two pathologists (Dr Sung-Im Do and Dr Seoung Wan Chae, of the Department of Pathology, Kangbuk Samsung Hospital, Seoul, Korea) in a blinded manner with an Olympus BX51 light microscope, at x200 magnification, to confirm histological data, including tumor (T) and node (N) stage (based on the staging system by the Union for International Cancer Control/American Joint Committee on Cancer, 7th edition), (21) lymphatic invasion and other characteristics. The most representative tumor area from each H&E stained slide was selected and its location marked on the particular paraffin block, the most representative tissue core was obtained from each tumor specimen. TMA specimens were assembled using a tissue-array instrument (Tissue-Tek Quick-Ray; Sakura Finetek Europe B.V., Flemingweg, The Netherlands) consisting of thin-walled stainless steel punches, and stylets for emptying and transferring the needle contents. The assembly was held in an X-Y position guide with a 1-mm increment between the individual samples, a 4-mm punch depth stop device and semi-automatic micrometers. The instrument was used to create holes in a recipient block with defined array cores. The fit needle delivered the tissue cores to the recipient block. Taking into account the limitations of the representative areas of the tumor, duplicate 2 mm-diameter tissue cores were used from each donor block. The tissue cores taken from within the tumor represented >70% of the material.
In addition, clinical data of the patients, including age, sex, type of operation, radiotherapy, chemotherapy and hormonal therapy were reviewed. No patients were treated for breast cancer prior to surgery. The majority of the patients (97/102) received adjuvant chemotherapy, usually anthracycline-based with or without taxane regimen. Of the 97 patients, 27 (27.8%) were treated with an FEC regimen consisting of 500 mg/m 2 5-Fluorouracil intravenously administered on day 1 and 100 mg/m 2 epirubicin intravenously administered on day 1 and 500 mg/m 2 cyclophosphamide intravenously administered on day 1 every 3 weeks for 6 cycles, and 30 (30.9%) received an AC regimen consisting of 60 mg/m 2 doxorubicin intravenously administered on day 1 and 600 mg/m 2 cyclophophamide intravenously administered on day 1 every 3 weeks for 4 cycles, and 35 (36.1%) received a sequential ACT regimen comprising 4 cycles of AC followed by 4 cycles of 100 mg/m 2 docetaxel. In addition, all patients with ER-or PR-positive tumors took tamoxifen (20 mg once a day) prior to menopause, and aromatase inhibitor (anastrozol: 1 mg once a day or letrozole: 2.5 mg once a day) following menopause for 5 years unless recurrence occurred during follow-up. The patients with HER2 positive tumors who possessed >1 cm tumors or were pN1-3 also received trastuzumab triweekly (6 mg/kg) for 1 year.
All patients underwent physical examination at 3-month intervals following surgery, breast ultrasonography at 6-month intervals, mammography and chest computed tomography, and bone scan and breast magnetic resonance imaging at 1-year intervals. The last follow-up date was December 31, 2016, for all available patients. Disease-free survival (DFS) was defined as the interval between the date of treatment for breast cancer and the date of evidence of recurrence events, including the following: Invasive recurrence in any sites or a novel invasive breast cancer in the contralateral breast. Overall survival (OS) was defined as the time until the time of last follow-up or of death from any cause.
The study protocol was approved by the Institutional Review Board of Kangbuk Samsung Hospital, Sungkyunkwan University of Korea on August 30, 2016 (approval no. KBSMC 2016-10-022-001).
Immunohistochemical (IHC) scoring. Scoring for each IHC marker was performed using an Olympus BX51 light microscope at x200 magnification by an experienced breast histopathologist who was blinded to the results of other markers and patient identity. IHC analysis was performed using Leica BOND MAX™ fully automated immunohistochemistry system, according to the manufacture's protocol (Leica Microsystems GmbH, Wetzlar, Germany). Briefly, 4 µm thick sections were deparaffinized and pre-treated with the Epitope Retrieval Solution 2 (EDTA buffer pH 8.8) at 98˚C for 20 min. Once the tissue washed three times with Bond TM Wash Solution 10X concentrate (cat no. AR9590, Leica Microsystems, GmbH), peroxidase blocking was performed for 10 min using the Bond Polymer Refine Detection kit DS9800 (Leica Microsystems, GmbH) according to manufacturer's protocol. Tissues were again washed three times with Bond TM Wash Solution 10X concentrate (cat no. AR9590; Leica Microsystems, GmbH) and then incubated with the primary antibodies at room temperature for 60 min. Subsequently, tissues were incubated with bond polymer (cat no. AR9352; Leica Microsystems, GmbH) at room temperature for 10 min and developed using 3,3-diaminobenzidine at room temperature for 10 min. Primary antibodies used are as follows: ER (cat no. RM-9101-F; 1:200 dilution; SP1 clone; Lab Vision Corporation, Fremont, CA, USA), PR (cat no. M3569; 1:200 dilution; PgR636 clone; Dako; Agilent Technologies, Inc.) and HER2 (cat no. RM-9103-R7-A; 1:200 dilution; SP3 clone; Lab Vision Corporation) were used. For brachyury staining, human tissues obtained were fixed in 10% formalin solution at room temperature for 24 h, dehydrated through a graded ethanol series (30, 50 and 100%), washed in xylene and processed for embedding in paraffin wax, at room temperature and for 30 min. Sections were incubated in a solution of 0.3% H 2 O 2 at room temperature for 15 min to inhibit endogenous peroxidase activity. Antigen retrieval procedure was performed using 10 mM Tris + 1 mM EDTA + 0.03% Tween-20 Solution at 98˚C for 30 min in a presser cooker chamber. Non-specific blocking was quenched by incubation with 4% bovine serum albumin for 30 min. Sections were then incubated for 1 h at room temperature with primary antibodies against brachyury (cat no ab57480; Abcam, Cambridge, UK) diluted to 1:500. The detection system EnVision+ for secondary horseradish peroxidase-conjugated mouse antibodies (cat no. K4001; 1:2,000; Dako; Agilent Technologies, Inc.) was applied according to the manufacturer's protocol. The secondary antibodies were incubated at room temperature for 8 min. Slides were stained with liquid diaminobenzidine tetrahydrochloride, a high-sensitivity substrate-chromogen system (cat no. K5007; Dako; Agilent Technologies, Inc.). Counterstaining was performed with Meyer's hematoxylin at room temperature for 1 min. A total of between three and five randomly selected fields were evaluated for each slide. For each field, the percentage of positive tumor cells was calculated as follows: (Number of positive tumor cells/total number of tumor cells) x100. Nuclear staining was scored by examining for brachyury in the nucleus. The relative staining intensity was scored as weak (+) for pale brown intensity, moderate (++) for intermediate brown intensity and strong (+++) for intense, dark brown immunoprecipitate. Brachyury score was calculated using the Allred scoring system of staining intensity (absent, 0; weak, 1; moderate, 2; and strong, 3) added to another score of the percentage of cells stained (none, 0; <1%, 1; 1-10%, 2; 11-33%, 3; 34-66%, 4; and 67-100%, 5) to yield a total score of 0 or 2-8, using the Allred scoring system as previously described (22) . The score was calculated as the immunoactivity observed in the nucleus and cytoplasm.
Statistical analyses. All statistical analyses were performed using R version 3.3.2 (23) (24) (25) . All data were presented as the mean ± standard deviation, or number and percentage. Associations among variables were evaluated using Fisher's exact test or χ 2 test. Continuous variables were compared using the Wilcoxon rank-sum test. OS and DFS curves were determined using the Kaplan-Meier method with differences assessed using the log-rank test. Risk factors of DFS were analyzed by univariate analysis with the log-rank test and multivariate analysis with Cox's proportional hazard model. All tests were two-tailed and P<0.05 was considered to indicate a statistically significant difference.
Results
Associations between brachyury protein expression and clinicopathological factors in primary tumors. The present study consisted of 102 patients, of whom all were female. Brachyury protein expression in primary, metastatic and recurrent tumors was assessed using IHC staining. Brachyury protein expression occurred in the nucleus and cytoplasm of tumor cells (Fig. 1) . Brachyury expression in the cytoplasm was observed in all tumor cells; the expression intensity varied somewhat; however, the percentage of cells stained typically exceeded 80%, so that the score difference between the tumors was small (range, [5] [6] [7] [8] . Depending on the presence or absence of brachyury expression in the nucleus, the study population was divided into a brachyury negative group (n=40) or a brachyury positive group (n=62) to compare the differences in clinicopathological characteristics (Table I) . Based on the median value of brachyury expression in the cytoplasm 5-6 points were defined as low brachyury and 7-8 as high brachyury. In the brachyury-positive group, ER+ and PR+ tumors were more prevalent; however, neither were significant. Microcalcification in tumors was significantly associated with brachyury expression (P=0.025). The brachyury-positive group possessed a high score, even in the cytoplasm; however, without statistical significance (P=0.069). The remaining clinicopathological factors did not demonstrate any statistical differences.
Differences in nuclear brachyury expression between primary and metastatic or recurrent tumors.
Brachyury staining of primary tumor samples was performed in samples from 15 patients with recurrent tumors that were available for immunostaining. The difference in scores was compared between primary and recurrent tumors. Differences between 21 metastatic lymph nodes and primary tumors were similarly compared. The comparisons did not identify any statistically significant differences (primary vs. metastatic, P=0.915; primary vs. recurred, P=0.727; Fig. 2 ).
Association between nuclear brachyury expression in primary tumors and postoperative prognoses of patients.
The effect of brachyury expression in primary tumors on the prognosis of patients was investigated. Following a median follow-up of 73.5 months (range, 2-145 months), 25 patients experienced relapse and 9 patients succumbed. The 5-year DFS and OS rates were 84.3 and 92.2%, respectively. OS and DFS appeared to decrease in the brachyury negative group, compared with the positive; however, no statistical significance was identified [OS hazard ratio (HR), 1.4; 95% confidence interval (CI), 0.34-5.47; P= 0.656 and DFS HR, 2.2; 95% CI, 0.89-5.56; P=0.081; data not shown]. Cox's proportional hazard regression models of DFS revealed that the presence of lymph node metastasis, lymphovascular invasion and HER2 positivity were associated with poor prognosis, whereas no factor was significantly associated with an improved prognosis (Table II) .
Multivariate analysis that included variables with P<0.2 in univariate regression analysis revealed brachyury expression in the nucleus of primary tumor, HER2 and lymphovascular invasion as independent prognostic factors for DFS (brachyury negative versus positive, HR 3.0, P=0.024; HER2 negative vs. positive HR, 4.9; P=0.003 and lymphovascular invasion absent vs. present HR, 3.5; P=0.020; Table II ).
The hypothesis of the present study was that the expression of brachyury is associated with poor outcome of patients with TNBC based on a previous study (19) . The prognoses of patients with TNBC (n=46) and those with non-TNBC (n=56) were examined separately. In the brachyury negative group in TNBC, no recurrence or mortalities occurred during the follow-up period, and therefore a significantly improved prognosis was identified in these patients compared with the brachyury-positive group (OS, P=0.022; DFS, P=0.002; Association between nuclear brachyury protein expression in metastatic/recurrent tumors and postoperative prognoses of patients. No significant differences in the degree of brachyury expression in the primary tumor and metastatic/recurrent tumor were identified in the present study. The way in which brachyury expression in metastatic and recurrent tumors affected survival was investigated. Among the patients with lymph node metastasis observed at the first surgery, 23 samples were able to be stained. Out of the patients with recurrence during follow-up, 22 samples were able to be stained and were grouped together with lymph node metastasis samples (n=45). There were 14 (31%) brachyury positive tumors and 31 (69%) brachyury negative tumors. The groups demonstrated no significant difference in OS or DFS (OS HR, 1.2; 95% CI, 0.38-3.91; P= 0.745 and DFS HR, 1.6; 95% CI, 0.69-3.54; P=0.281; Fig. 4) . It was intended that the subgroups of patients with TNBC were to be analyzed; however, the small number of samples did not allow for this.
Analysis of differences in survival rates with cytoplasmic brachyury expression.
Brachyury score in the cytoplasm ranged between 5 and 8 as expression of cytoplasmic brachyury was exhibited by >80% of all stained cells, with the only differences observed being in staining intensity. Therefore, the samples were divided into low (5-6 points) brachyury expression and high (7-8 points) expression groups to investigate the effect of brachyury expression in the cytoplasm on patient prognosis. This analysis was also divided into TNBC and non-TNBC according to molecular subtype, since brachyury expression in the cytoplasm did not correlate with prognosis in the previous Cox's proportional hazard regression models. No statistical significance was evident between the high and low group, regardless of the molecular subtype (TNBC OS, P=0.996; DFS, P=0.228 and non-TNBC OS, P=0.12; DFS, P=0.533).
Discussion
Brachyury has been associated with cancer cell invasion, metastatic progression and chemoresistance (7) (8) (9) (10) (11) (12) . Thus, the present study investigated the effects of brachyury expression on the prognosis of patients with breast cancer, whilst also exploring the expression of brachyury in recurrent and metastatic tumors, addressed in only two prior studies (19, 20) , to the best of our knowledge. The present study is, to the best of our knowledge, the first to demonstrate the association between brachyury expression in recurrent and metastatic tumors, and prognosis. Brachyury has been increasingly studied as a targeting protein of interest in immune therapy (19, 20) . Previous studies have demonstrated that brachyury expression is prognostic only in TNBC (18) . In the present study, all recurrences or mortalities in TNBC occurred in the brachyury-positive group, while no recurrence or mortalities occurred during the follow-up period in the brachyury-negative group. These results contribute toward increased anticipation of the results from ongoing clinical trials of a brachyury vaccine as a potential treatment for TNBC. However, why brachyury is more relevant to tumor prognosis in TNBC is not clear, and should be addressed in further studies of the association of brachyury with other factors and associated signaling pathways. This may allow for the selection of the most appropriate patient group for brachyury targeted therapy and to investigate the synergistic effects of the combination therapy with other drugs.
Presently, brachyury expression was not statistically associated with molecular subtype, including PR and HER2. ER positivity had a marginally statistically significant association (P=0.052), in contrast with previous studies (18, 19) . The association of these biomarkers remains a subject of debate, with dichotomous results from different studies. The relevance of these biomarkers requires further investigation. A previous study examined stained tissue for the presence of brachyury in the cytoplasm of breast tumor cells and brachyury expression in tumors was calculated as the sum of the brachyury expression in the nucleus and cytoplasm (19) . In the present study, unlike previous studies, each cytoplasm and nucleus were separately analyzed for prognosis. Expression in the nucleus was significantly associated with a poor prognosis, whereas expression in cytoplasm was not significantly associated with prognosis. The reasons for these outcomes may be hypothesized using other studies about breast cancer. In a study of the androgen receptor (AR), AR without ligand which attached to heat shock proteins is present mainly in the cytoplasm. In the presence of ligand, the ligand-binding domain is unbound from heat shock protein and becomes active in translocating into the nucleus (26) . A similar phenomenon may be envisaged for brachyury. In support of this hypothesis, in the present study, brachyury expression in the cytoplasm was observed in all stained samples, compared with expression in the nucleus being observed in only 60.8% of the samples. The effect of expression in the cytoplasm and nucleus on prognosis was different. Thus, as demonstrated with the AR, any receptor that responds to brachyury antibody may serve a function in chemoresistance, tumor invasiveness and metastasis if it is activated and translocated into the nucleus.
The exact mechanism by which microcalcification forms in breast cancer is not understood. Previous studies have revealed that microcalcification appears in tumor cells in a manner similar to that occurring in physiological phenomena (27, 28) . Cells involved in bone development, such as osteoblasts and hypertrophic chondrocytes, are mineralization-competent cells with a mesenchymal origin (29, 30) . Thus, microcalcification may form by mesenchymal cells that are translocated while the EMT process takes place in tumor cells (31) . In the present study, microcalcification was significantly more frequent in tumors expressing the EMT driver, brachyury. This result may assist in validating the hypothesis of previous studies.
Understand is limited about the expression of brachyury in metastatic lymph nodes. a previous study compared the level of brachyury expression in primary and metastatic cancer in 115 patients with lung cancer and identified increased expression in metastatic lymph nodes compared with primary cancer (22) . In addition, brachyury expression in metastatic lymph nodes suggested a poor prognosis as in primary tumors. The authors suggested two explanations for the abundant expression of brachyury in metastatic lymph nodes. First, expression of brachyury in primary tumors enhances the metastatic and invasive ability, which in turn metastasizes into lymph nodes. Second, expression of brachyury in metastatic lymph node is increased in one of the preparations to form the so-called pre-metastatic niche. In addition, mesenchymal markers, including snail family transcriptional repressor 2 and interleukin-8 were increased in these metastatic lymph nodes, whereas the epithelial marker E-cadherin was decreased. In another study of 42 patients with breast cancer, increased EMT-associated genes (twist family BHLH transcription factor 1 and snail family transcriptional repressor 1 and 2) in metastatic lymph nodes were associated with poor prognosis (32) .
To the best of our knowledge, the present study is the first to compare the expression of brachyury in primary breast carcinoma and metastatic lymph nodes in patients with breast cancer, and the first study to compare the effects of brachyury expression in metastatic lymph nodes on prognosis. However, unlike one previous study of lung cancer (22) , the expression of brachyury in metastatic lymph nodes did not differ from the expression in primary tumor and did not demonstrate any association with prognosis. It may be that the metastatic mechanism of breast cancer is different from other types of cancer, or it may be an error caused by a small number of samples. Further studies will assist to clarify this argument.
In conclusion, the present study demonstrated that expression of brachyury in the nucleus of primary tumor possesses value as an independent marker that predicts poor prognosis. This was particularly evident in TNBC, where no recurrence or mortalities occurred in the brachyury negative group during the follow-up period. In other words, all recurrences or mortalities only occurred in the brachyury positive group. The expression of brachyury in the metastatic or recurrent site was not different from that of the primary tumor, and there was no prognostic value. Current clinical trials of brachyury targeting vaccines are likely to be of use in patients with TNBC, although this potential should be demonstrated by a well-designed randomized prospective trial.
